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(54) EPITAXIAL SILICON WAFER AND ITS PRODUCTION METHOD, AND SUBSTRATE FOR 
EPITAXIAL SILICON WAFER 

(57) An epitaxial silicon wafer, which has no projec- 
tions having a size of 100 nm or more and a height a\ 5 
nm or more on an epitaxial layer, and a method for pro- 
ducing an epitaxial silicon wafer, wherein a single crys- 
tal ingot containing no l-region is grown when a silicon 
single crystal Is grown by the CZ method, and an epitax- 
ial layer is deposited on a silicon wafer sliced from the 
single crystal ingot and containing no l-region for the 
entire surface. An epitaxial wafer o1 high quality with no 
projection-like surface distortion observed as particles 
on an epi-layer surface is provided by forming a wafer 
having no l-region for the entire surface from a single 
crystal and depositing an epitaxial layer thereon, and a 
single crystal having no l-region for entire plane is pro- 
duced with good yield and high productivity, thereby 
improving productivity of epi-wafers and realizing cost 
reduction. 
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Description 

Technical field 

[0001] The present invention relates to a large 5 

diameter epitaxial silicon wafer, a method for producing 
the same, and a substrate for an epitaxial silicon wafer. 

Background Art 

10 

[0002] Most of currently manufactured devices such 
as operational elements and memories are fabricated 
on a surface of a wafer, which is manufactured from a 
silicon single crystal that has been pulled by the Czo- 
chralski method (CZ method). In these devices, electric .rs 
circuits are formed by utilizing an extremely thin surface 
layer of silicon wafer and operated. As means for 
improving quality of the surface layer and preventing 
latch-up, an epitaxial silicon wafer (hereafter also 
referred to as "epi-wafer") is often used. 20 
[0003] The epi-wafer is produced by growing an 
epitaxial layer (hereafter also referred to as "epi-layer") 
on a wafer sliced from a silicon single crystal grown by 
the CZ method or the like. So far, as concerns epi-wafer, 
not so much attention has been paid for the quality of 25 
mirror surface silicon wafers used as substrates, since 
an epi-layer is deposited thereon. 
[0004] In a crystal, there are generally two kinds of 
point defects formed during the crystal growth, i.e., one 
is vacancy and the other is self interstitial atom (intersti- 3o 
tial-Si). A region where depressions, voids and so forth 
generated due to missing of silicon atoms are domi- 
nantly present among the above defects is called V- 
region. A region where dislocations generated due to 
presence of excessive silicon atoms and self interstitial 35 
atoms such as aggregations of excessive silicon atoms 
are dominant is called as l-region. In the V-region, there 
are grown-in defects considered to be originated from 
voids, i.e., aggregations of void-type point defects, such 
as FPD, LSTD and COP, at a high density. In the I- 40 
region, there are present L/D (abbreviation of interstitial 
dislocation loop: LSEPD, LFPD and so forth) defects, 
which are considered to be originated from disbcation 
k)ops, at a low density. 

[0005] The boundary between the V-region and the 45 
{-region in the crystal is decided by the ratio of the crys- 
tal growth rate F [mm/min] and the temperature gradient 
G C'C/mm] along the crystal grov^rth axis direction in the 
vicinity of the crystal grovtrth interface, F/G (G is a value 
obtained by dividing the temperature difference of ^2°C 50 
between the melting point of silicon, 1412°C, and 
1400°C by a distance [mm] between the points of 
1412*'C and 1400''C along the axial direction). If this 
F/G exceeds a certain value, the crystal becomes the V- 
region, and if F/G is lower than the certain value, the 55 
crystal becomes the 1-region. 

[0006] Generally, the temperature gradient G along 
the crystal growth axis direction shows distribution 



along the radial direction in the crystal growth interface, 
and it becomes smaller at the center and becomes 
larger at the periphery of the crystal (see Fig. 1). Since 
the crystal growth rate In a growing crystal is constant 
along the radial direction, distribution of F/G along tfie 
radial direction should be a reciprocal of the distribution 
of G along the radial direction. If F/G exceeds a certain 
value for the entire crystal growth interface, there is 
obtained a crystal that provides a wafer with no 1-region 
for the entire plane. However, this may not usually be 
considered for a portion within 20 mm of the outermost 
periphery, since point defects can out-diffuse to the 
crystal surface and can be eliminated in this portion. For 
example, in case of a crystal having a usual resistivity 
(that having a resistivity of 0.03 H * cm or more in the 
present invention), if F/G is 0.18 mm^/'C • min or more 
for the entire inner portion except for the peripheral por- 
tion within 20 mm, there can be obtained a crystal pro- 
viding the V-region for the entire plane. Conversely, If 
F/G is 0. 1 8 mm^/^C ♦ min or less for the entire inner por- 
tion except for the peripheral portion within 20 mm, 
there can be obtained a crystal providing the 1-region for 
the entire plane. 

[0007] Under such a situation as described above, 
in the production of large diameter crystals having a 
diameter of 10 inches or more, which will be a main 
stream in future, the difference of G between the center 
and periphery of a crystal becomes large, and growth 
rate F is decreased due to increase In solidificatton 
latent heat. Therefore, it has become difficult to attain 
such an F/G that the V-region should be obtained for full 
radius of the crystal. For this reason, the l-regk)n and 
the V-region tend to coexist in a wafer plane, and most 
of commercially available large diameter wafers contain 
the 1-region. 

[0008] By the way, P-type low resistivity wafers hav- 
ing a resistivity of 0.03 XI • cm or less, which are cur- 
rently often used as substrates for epi-wafers, contain 
boron with a small covalent radius at a high concentra- 
tion. Therefore, self interstitial atoms are likely to exist 
therein, and the value of F/G deciding the boundary of 
the t-region and the V-region becomes larger in connec- 
tion with decrease in resistivity. Thus, most of commer- 
cially available P-type low resistivity wafers contain the 
l-region. 

[0009] Under the recent stream of using a larger 
diameter of crystals and a lower temperature for the 
growth of epi-layers, it has become more frequent to 

produce epi-wafers comprising a large diameter crystal 
having a diameter of 10 inches or more, on which an 
epi-layer is grown at a lower temperature. Under such a 
circumstance, it has become more frequent to find, on 
the epi-wafers, particles that have not been observed on 
conventional wafers. Study of these particles has 
revealed that they correspond to particles that are 
detected on mirror wafer surfaces used as substrates by 
the high sensitivity particle measurement method, and 
they constitute projection type surface distortion 
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observed as p reject bns or particles when observed by 
AFM (atomic force microscope) or the like (they are also 
referred to as "projection-like particles" hereinafter). 
[0010] It has been also revealed that these projec- 
tions become still larger when an epitaxial layer is 5 
deposited, and they may also be detected as usual par- 
ticles or the like. It has been also found that many of 
these projections are present in the l-region, which has 
conventionally been considered to have fewer defects. 
These projections and projection-like pailicles may lo 
cause breaking of wiring and so forth when an inte- 
grated circuit is formed on the wafer surface in the 
device production process. Therefore, they greatly 
affect device characteristics and reliability of devices, 
and thus their presence cannot be accepted in view of is 
required quality of epi-wafers. 

Disclosure of the Invention 

[0011] The present invention was accomplished in 20 
view of the problems described above, and its major 
object is to provide an epitaxial wafer of high quality with 
no projection-like particles on its epi-layer surface by 
forming a wafer not having the l-region for the entire sur- 
face from a single crystal of a large diameter and depos- 25 
iting an epitaxial layer thereon, and to produce a single 
crystal of a large diameter having no l-region for entire 
plane with good yield and high productivity, thereby 
improving productivity of epi-wafers and realizing cost 
reduction. 30 
[0012] The present invention was accomplished in 
order to achieve the aforementioned object. According 
to the first aspect of the present invention, there is pro- 
vided an epitaxial silicon wafer, which has no projec- 
tions having a size of 100 nm or more and a height of 5 35 
nm or more on an epitaxial layer. Such an epitaxial sili- 
con wafer substantially does not have, on its epi-layer, 
projections or projection-like particles of the size 
defined above, which are harmful to quality of the wafer. 
Therefore, it scarcely suffer from breaking of wiring dur- 40 
ing the device production process, and thus there can 
be provided an epitaxial wafer of high quality, which 
does not adversely affect the device characteristics and 
the reliability of devices. 

[0013] According to the second aspect, of the 45 
present invention, there is provided a method for pro- 
ducing an epitaxial silicon wafer, wherein a silicon wafer 
which has no projections having a size of 100 nm or 
more and a height of 5 nm or more is used as a silicon 
wafer for an epitaxial substrate. 50 
[0014] If a silicon wafer which has no projections 
having a size of 1 00 nm or more and a height of 5 nm or 
more is used tor an epitaxial substrate as described 
above, an epitaxial silicon wafer of high quality can be 
produced; which does not have, on its epi-layer after 55 
epitaxial growth, projections or projection-like particles 
having a size of 1 00 nm or more and a height of 5 nm or 
more, which degrade device characteristics. 
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[0015] Further, according to the third aspect of the 
present invention, there is provided a method for pro- 
ducing an epitaxial silicon wafer, wherein a single crys- 
tal containing no l-region is used as a silicon wafer for 
an epitaxial substrate. 

[0016] If a wafer is sliced from a single crystal con- 
taining no l-region, which is a cause of generating many 
projections on the epitaxial layer, and the silicon wafer 
having no l-region in the entire surface is used for an 
epitaxial substrate as described above, an epitaxial sili- 
con wafer of high quality can be produced, which does 
not have, on the epitaxial layer, projections having a size 
of 1 00 nm or more and a height of 5 nm or more. 
[0017] Furthermore, according to the fourth aspect 
of the present invention, there is provided a method for 
producing an epitaxial silicon wafer, wherein a silicon 
single crystal ingot containing no l-region is grown when 
a silicon single crystal is grown by the Czochralski 
method, and an epitaxial layer is deposited on a silicon 
wafer sliced from the single crystal ingot and containing 
no l-region for the entire plane. 

[0018] If a silicon single crystal containing no 1- 
region is grown when a silicon single crystal is grown by 
the CZ method, and an epitaxial layer is deposited on a 
silicon wafer sliced from the single crystal ingot and 
containing no l-region for the entire plane as described 
above, substantially no projections or projection-like 
particles are generated on the epitaxial layer, and thus 
an epitaxial silicon wafer of high quality can be pro- 
duced. 

[001 9] In the above method, when the silicon single 
crystal is grown by the Czochralski method, a magnetic 
field can be applied. 

[0020] By applying a magnetic field as mentioned 
above, convection of silicon melt along the transverse 
direction with respect to the magnetic line can be sup- 
pressed and hence the temperature gradient in the sili- 
con melt can be made larger. Therefore, it becomes 
possible to realize a higher crystal growth rate. 
[0021] In the above method, by using the growth 
condition of silicon single crystal F/G [mm^/'C • min] (F 
is the crystal growth rate [mm/min] and G is the temper- 
ature gradient [°C/mm] along the crystal growth axis 
direction in the vicinity of the single crystal growing 
interface) of 0.18 mmVC-min or more, there can be 
grown a single crystal ingot having a resistivity of 0.03 H 
• cm or more and providing the V-region for an entire 
plane in the crystal along the radial direction. 
[0022] When a single crystal to be produced has a 
resistivity of 0.03 n • cm or more, if a single crystal is 
grown with the growth condition F/G of 0.18 mm^/'C* 
min or more as described above, a single crystal ingot 
providing the V-region for the entire plane can be grown, 
and an epitaxial silicon wafer having substantially no 
projectk)n-like particles can be produced by depositing 
an epitaxial layer on a silicon wafer sliced from the 
aforementioned single crystal ingot and having the V- 
region for the entire plane. 
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[0023] Furthermore, by using a growth condition 
F/G of silicon single crystal for satisfying the following 
equation, a P-type single crystal ingot having a low 
resistivity of 0.03 n • cm or less and having the V- 
region for an entire plane can be grown. 

F/G > 720 • - 37*p + 0.65 



[0024] In the equation, p is resistivity of single crys- 
tal |n - cm], F is the single crystal growth rate 
[mm/min], and G is the temperature gradient [^C/mm] 
along the crystal growth axis direction in the vicinity of 
the single crystal growing interface. 
[0025] When a single crystal to be produced is a P- 
type crystal having a resistivity of 0.03 n * cm or less, 
if the single crystal is grown with the growth condition 
F/G satisfying the above equation in which F/G is repre- 
sented as a function of the resisfivity of the single crys- 
tal to be produced, a crystal ingot having the V-region 
for an entire plane along the radial direction of the crys- 
tal can be grown, and an epitaxial silicon wafer having 
substantially no projection-like particles can be pro- 
duced by depositing an epitaxial layer on a silicon wafer 
sliced from the aforementioned single crystal ingot and 
having the V-region for the entire surface. 
[0026] In the above method, it is desirable that the 
single crystal is produced by applying a horizontal mag- 
netic field with a center magnetic field strength of 500 to 
6000 Gauss. 

[0027] In the MCZ method, by applying a horizontal 
magnetic field (henceforth also referred to as the 
"HMC2 method") with a center magnetic field strength 
of 500 to 6000 Gauss, vertical convection of the silicon 
melt in a crucible is efficiently suppressed and hence 
the amount of vaporized oxygen is suppressed in the 
vicinity of the crystal. Thus, the oxygen concentration 
distribution in a plane along the radial direction of the 
crystal is made more uniform, and the crystal growth at 
a higher growth rate can be realized without causing 
deformation of the crystal. Further, since the vertical 
convection is suppressed, the temperature gradient 
(dT/dZ)m of the silicon melt under the crystal can be 
made smaller, and thus the growth rate can be made 
higher. 

[0028] Furthermore, it is desirable to use an internal 
structure of a furnace that can produce a portion having 
a temperature gradient G of 3.0 "C/mm or more in at 
least a part of distribution of the temperature gradient G 
along the radial direction. 

[0029] It is easy to use an internal structure of afur- 
nace providing a low G in order to obtain an F/G in the 
range defined above. However, it leads to reduction of 
productivity. In contrast, if there is used an internal 
structure of a furnace that can produce a portion having 
a temperature gradient G of 3.0 'C/mm or more in at 
least a part of the temperature gradient distribution 
along the radial direction as described above and a 
growth rate F that gives an F/G providing the V-region 



for the entire su rface of a wafer, reduction of productivity 
can be avoided. 

[0030] Further, in the above method, it is desirable 
to use a crystal rotation of 10 rpm or less during the 
5 growth of single crystal. 

[0031] In order to obtain the V-region for the entire 
wafer surface, it is desirable to use a higher growth rate. 
However, a higher growth rate F may generate deforma- 
tion of crystal. In order to suppress this deformation, it is 
10 effective to use a lower crystal rotation rate. However, a 
lower crystal rotation rate is generally undesirable, since 
it may induce unevenness of oxygen concentration 
within the crystal growth interface. In particular, it may 
cause warp of wafers in the device production process, 
15 and thus it may lead to a serious problem. However, in 
the present invention, since a horizontal magnetic field 
is applied and hence the vertical convection is sup- 
pressed, the oxygen concentration distribution in the 
plane is not unduly degraded even if the crystal rotation 
20 rate is lowered, and a higher growth rate may be used 
without generating deformation of the crystal. 
[0032] Further, according to the present invention, it 
becomes possible to produce a large diameter single 
crystal ingot having a diameter of 250 mm {1 0 inches) or 
25 more in the production of single crystals. 

[0033] If the aforementioned single crystal growth 
condition is satisfied according to the present invention, 
a single crystal having a diameter of 10 inches or more 
can relatively easily be grown so that it should have the 
30 V-region for an entire plane along the radial direction, 
and generation of projections on epi-wafers can be pre- 
vented. 

[0034] Further, the epitaxial silicon wafer of the 
present invention is an epitaxial silicon wafer character- 
35 ized by being produced by the aforementioned produc- 
tion method. 

[0035] As described above, the epitaxial silicon 
wafer obtained by the method of the present invention 
can be an epitaxial silicon wafer of high quality that does 
40 not have projections having a size of 100 nm or more 
and a height of 5 nm or more on the epi-iayer and does 
not adversely affect the characteristics and reliability of 
devices. 

[0036] Furthermore, the substrate for an epitaxial 
45 silicon wafer of the present invention is a substrate for 
an epitaxial silicon wafer produced by the aforemen- 
tioned production method and characterized in that it 
has an oxygen concentration distribution in a plane of 
10% or less. 

SO [0037] The substrate for an epitaxial silicon wafer 
obtained by the method of the present invention has a 
low oxygen concentration distribution in a plane of 1 0% 
or less as described above, and therefore it can be a 
substrate for an epitaxial silicon wafer of high quality 
55 that does not adversely affect the characteristics and 
reliability of devices. 

[0038] As explained above, according to the 
present invention, a silicon single crystal of high quality 
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that dose not contain the I-region for an entire plane 
along the radial direction of the single crystal and does 
not generate projections (particle-like scattering) when 
It is processed into an epi-wafer. which are qualKative 
characteristics suitable for a silicon single crystal for an 5 
epitaxial wafer substrate, can be produced with 
improved yield and productivity, and thus it enables 
marked reduction of the production cost for single crys- 
tals. 

[0039] This enables providing a silicon single crys- 
tal suitable for large diameter epi-wafers, which are corv 
sidered to be a mainstream in future, or suitable as a 
single crystal of low resistivity, which is the current 
mainstream. Therefore, there can be provided epitaxial 
silicon. wafers of high quality that do not have projectbn 
or projection-like particles at low cost, and thus yield of 
the device production and characteristics and reliability 
of devices can markedly be improved. 

Brief Explanation of the Drawings 

[0040] 

Fig. 1 is a typical view showing distributions of the 
temperature gradient G and the grov^h conditk^n 
F/G in a plane immediately above the crystal 
growth interface. 

Fig. 2 is an explanatory view showing the resistivity 
dependency of the growth condition F/G at which 
an OSF ring is generated in a P-type low resistivity 
single crystal. 

Fig. 3 is an explanatory view of a schematic single 
crystal pulling apparatus according to the HMCZ 
method and used for the present inventwn and the 
heat balance thereof. 

Fig. 4{a) is a view showing a result of high sensitiv- 
ity particle measurement performed for a wafer sur- 
face that has the I-region in the peripheral portk>n 
thereof. 

Fig. 4(b) is a view showing a result of high sensitiv- 
ity particle measurement performed for a surface of 
epitaxial film, which is formed on a wafer surface 
having the I-region in the peripheral portion thereof. 
Rg. 5 is a resultant view showing an exemplary pro- 
jection observed by AFM of particles observed in a 
peripheral portion of the polished silicon wafer of 
the present invention shown in Fig. 4(a). 
Fig. 6 is a resultant view showing an exemplary pro- 
jection observed by AFM of particles observed in 
the epitaxial silicon wafer shown in Fig. 4(b). 
Rg. 7(a) is a view showing a result of high sensitiv- 
ity particle measurement performed for a wafer sur- 
face of the present invention that does not contain 
the I-region. 

Rg. 7(b) is a view showing a result of high sensitiv- 
ity particle measurement performed for a surface of 
epitaxial film, which is formed on a wafer surface of 
the present invention that does not contain the I- 
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Best Mode for Carrying out the Invention 

[0041] Hereafter, the present invention will be 
explained in detail. However, the present invention is not 
limited by the explanation. 

[0042] During the study of the inventors of the 
present invention about growth of epi-layers of aprtaxial 
wafers, it became more frequent to find, on the epi- 
wafers, particles that have not been observed on con- 
ventional wafers. Study of these particles has revealed 
that they are particles that are detected on mirror wafer 
surfaces used as substrates by the high sensitivity par- 
ticle measurement method, and they constitute projec- 
tions or projection-like surface distortion as observed by 
AFM (atomic force microscope) or the like. 
[0043] Through detailed investigation about the 
regions where the projectbns or projection-like surface 
distortion observed as particles were generated, it was 
found that such regions corresponded to distribution of 
the l-regions generated during the growth of a single 
crystal of silicon wafers used as substrates. That is. it is 
considered that, as the diameter of a single crystal 
becomes larger, the single crystal growth rate is 
decreased and hence the I-region becomes likely to be 
generated in crystals, and therefore particles come to 
be observed on epi-wafers. Further, observation of such 
substrate wafers having these l-regions by the high sen- 
sitivity measurement method using a particle counter 
revealed that the particles were correspondingly 
detected in the l-regions. The high sensitivity measure- 
ment method is a measurement method that can detect 
scattered light strength even at a level of about 1/4 of 
the conventional detection limit thanks to the improve- 
ment of S/N ratio. Therefore, it was found that a sub- 
strate wafer containing no I-region should be suitable as 
a silicon wafer for an epitaxial substrate. 
[0044] On the other hand, influence of projections 
or projection-like particles on the epi-layers on charac- 
teristics and reliability of devices was investigated. As a 
result, it was found that, if the particles had a size of 1 00 
nm or less and a height of 5 nm or less, they did not 
have influence at all. Therefore, if a silicon wafer that 
does not contain projections or projection- 1 ike particles 
in a size larger than the above-defined size is used as a 
substrate of e pi-wafer, there would be obtained an epi- 
taxial silicon wafer of high quality. 

[0045] In order to produce such a wafer not contain- 
ing the I -region and not having large projections, F and 
G can be controlled so that the single crystal growth 
condition F/G should exceed a predetermined value at 
any point along the radial direction of the crystal. 
[0046] For example, in a crystal having a resistivity 
of 0.03 n ♦ cm or more, the value of F/G can be control- 
led to be 0.1 & mm^/°C - min or more. In a usually used 
hot zone, not a hot zone in which G is specially control- 
led to be low in order to reduce grown-in defects. G is 
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2.5 to 4.5 -C/mm at the center of crystal, and 3.0 to 6.0 
"C/mm in a peripheral portion at a distance of 20 mm 
from the outermost periphery. Therefore, it can be 
understood that, for satisfying the aforementioned F/G, 
F should be at least around 0.55-1.1 mm/min. However, 
in large diameter crystals having a diameter of 10 
inches or more, since solidification latent heat gener- 
ated during the crystallization of the silicon melt 
becomes large, the possible growth rate is lowered and 
it becomes impossible to attain such a growth rate as 
mentioned above. 

[0047] Furthermore, as to a P-type low resistivity 
single crystal having a resistivity of 0.03 n • cm or less, 
which is currently often used as an epi-wafer substrate, 
it was found that, based on results of experiments, F/Q 
should satisfy the following equation as a function of 
resistivity of the single crystal p * cm] in order to 
obtain the V-region for the entire surface of the wafer 
(see Fig. 2). 

F/G >720-p^-37'p + 0.65 



[0048] In the equation, F is the single crystal growth 
rate [mm/min], and G is the temperature gradient 
[=C/mm) along the crystal growth axis direction in the 
vicinity of the single crystal growing interface. 
[0049] Therefore, H G is 4.0°C/mm in a peripheral 
portion at a distance of 20 mm from the periphery, F 
must satisfy F > 1 .03 mm/min when p is 0.015 n • cm, 
F > 1 41 mm/min when p is 0.010 n • cm. F > 1.71 
mm/min when p is 0.007 a * cm and F > 1 .93 mm/min 
when p is 0.0Q5 n • cm. Such high growth rates cannot 
be easily attained. 

[0050] Anyway, in order to satisfy the above equa- 
tion, it is necessary to lower G by changing the hot zone 
or to use a higher growth rate to realize a desired F/G. 
[0051] However, it is not preferable to lower G by 
changing the hot zone, since it may cause decrease of 
the possible growth rate and hence degradation of pro- 
ductivity. 

[0052] Therefore, according to the present inven- 
tion, the above problem is solved by using a higher 
arowth rate while maintaining a conventional hot zone in 
which G in a peripheral portion at a distance of 20 mm 
from the outermost periphery is 3.0 "C/mm or more. 
[0053] According to the present invention, the hori- 
zontal magnetic field applied CZ method (HMCZ 
method) and low-speed crystal rotation are used lor 
realizing a higher growth rate. The possible crystal 
growth rate Vmax in the CZ method is decided by heat 
balance of a growing crystal. 

[0054] The heat quantity entering into the crystal 
consists of the heat quantity Hin entering from the sili- 
con melt into the crystal and the solidification latent heat 
Hsol generated upon the phase change of the silicon 
from liquid to solid. As for the heat balance in the vicinity 
of the growing crystal, it is considered that the heat 
quantity Hout ejected from the crystal is equal to the 



sum of Hin + Hsol. It is considered that Hin is propor- 
tional to the temperature gradient (dr/dZ)m of the sili- 
con melt below the crystal along the axial direction. Hsol 
to the crystal growth rate F, and Hout to the temperature 
gradient G of the crystal immediately above the crystal 
growth interface, respectively (see Fig. 3). 
[0055] Since Hsol becomes larger as the growth 
rate becomes higher, it is necessary to make Hout 
larger or Hin smaller in order to improve the possible 
grovyrth rate. In this respect, because the object of the 
present invention is to grow a crystal having no l-region 
by improving the growth rate without changing the hot 
zone, i.e., without changing G. Hout is fixed. Therefore, 
it is necessary to make Hin smaller. 
[0056] Then, according to the present invention, a 
magnetic field is used. In particular, application of hori- 
zontal magnetic field enables a smaller temperature 
gradient (dr/dZ)m of the silicon melt below the crystal 
along the axial direction, and hence a smaller Hin (see 
Fumio Shimura; Semiconductor Silicon Crystal Technol- 
ogy 1989). Furthermore, by applying a magnetic field, 
the'temperature gradient (dT/dX)m of the silicon melt 
along the radial direction can be made larger, and 
hence solidrtication from a crucible wall, which occurs 
> when a crystal is grown at a high growth rate, can be 
prevented (see Nikkei Microdevice, July, 1986). With 
these effects, the upper limit of Fmax can be elevated. 
However, the growth rate defined above could not be 
attained only with these effects. 
0 [0057] That is, if the growth rate is made higher, 
deformation of crystal may occur. In order to suppress 
the deformation, it is effective to lower the crystal rota- 
tion However, lowering the crystal rotation causes une- 
venness of oxygen concentration in the crystal grovrth 
J5 interface. Such unevenness of oxygen concentration in 
a plane causes problems such as warp of wafers during 
the device production process, and therefore it is inap- 
propriate for industrial products. This unevenness is 
caused by the reduction of oxygen concentration in the 
silicon melt due to evaporation in the vicinity of the 
growing crystal. In the conventional CZ method, such 
unevenness of oxygen concentration between the 
center and the peripheral portions is forcibly eliminated 
. ^ ^,,<F^{>r* hw orv/ctaj rntation tsee W. 

Oy TOrCQQ CUI ivo\^u»jM v^exu^j^ss- — J, W.J 1 .... I 

Zulehner et al.; Crystal, Vol. 8, 1982 etc.). 
[0058] However, it is known that, when a magnetic 
field is applied, convection along the transverse direc- 
tion with respect to the magnetic line is suppressed. In 
the HMCZ method, vertical convection is suppressed by 
the transverse magnetic line. For this reason, the thick- 
ness of the boundary diffusion layer does not become 
thinner in a peripheral portion as in the usual CZ 
method. Therefore, even if the crystal rotation is low- 
ered the distribution of the oxygen concentration in a 
plane is not unduly degraded. Thus, a lower crystal rota- 
tion can be used, and a higher growth rate can be real- 
ized without causing deformation of crystal. 
[0059] According to the present invention, a hori- 
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zontal magnetic field having a center magnetic field 
strength of 500 to 6000 Gauss is used, and crystal rota- 
tion during the growth of single crystal is controlled to be 
10 rpm or less. Thanks to these characteristics, vertical 
convection of the silicon melt is efficiently suppressed, 
and unevenness is improved lor the oxygen concentra- 
tion between the center portion and the peripheral por- 
tion in a crystal growth interface, which is observed 
when the crystal rotation is lowered. Thus, a higher 
crystal growth rate can be realized without causing 
deformation of the crystal. 

[0060] By using the approaches mentioned above, 
a higher crystal growth rate could be attained. This ena- 
bles production of silicon single crystals not containing 
the l-region undesirable for epi-wafer substrates, provid- 
ing the V-region for the entire surface of wafers, and not 
providing large projections, with good yield and high 
productivity. 

[0061] The present invention will be explained here- 
inafter in more detail with reference to the appended 
drawings. 

[0062] First, an exemplary structure of the appara- 
tus for pulling a single crystal by the HMCZ method 
used in the present invention will be explained by refer- 
ring to Fig. 3. As shown in Fig. 3, the apparatus 30 for 
pulling a single crystal is constituted by a pulling cham- 
ber 31 . crucible 32 provided in the pulling chamber 31, 
heater 34 disposed around the crucible 32, crucible- 
holding shaft 33 for rotating the crucible 32 and rotation 
mechanism therefor (not shown), seed chuck 6 for hold- 
ing a silicon seed crystal 5, wire 7 for pulling the seed 
chuck 6, and winding mechanism (not shown) for rotat- 
ing and winding the wire 7. The crucible 32 is composed 
of an inner quartz crucible for accommodating a silicon 
melt (molten metal) 2, and an outer graphite crucible. 
Further, insulating material 35 surrounds the outside of 
the heater 34. 

[0063] Further, a magnet 36 for horizontal magnetic 
field is installed outside the pulling chamber 31 in the 
horizontal direction to apply horizontal magnetic field to 
the silicon melt 2 as the HMCZ method so as to sup- 
press the convection of the silicon melt 2 and attain sta- 
ble growth of a single crystal. 

[0064] Now, the method for growing a single crystal 
by the aforementioned single crystal pulling apparatus 
30 according to the HMCZ method will be explained 
hereinafter. 

[0065] First, a silicon polycrystal material of high 
purity is melted in the crucible 32 by heating to a tem- 
perature higher than the melting point (about 142Q°C). 
Then, a horizontal magnetic field is applied, and a tip 
end of the seed crystal 5 is brought into contact with, or 
immersed into the surface of the melt 2 at its approxi- 
mate center portion by reeling out the wire 7. Then, the 
crucible-holding shaft 33 is rotated in an optional direc- 
tion, and the seed crystal 5 is simultaneously pulled 
upwardly by winding up the wire 7 with rotating the wire 
to start the growing of single crystal. Thereafter, a single 



crystal ingot 1 approximately in a columnar shape can 
be obtained by appropriately controlling the pulling rate 
and temperature. 

[0066] By appropriately controlling F/G 
5 [mm^/°C-min] represented with the single crystal 
growth rate F [mm/min] and the temperature gradient G 
[°C/mm] along the crystal growth axis direction in the 
vicinity of the single crystal growth interface during the 
pulling of the approximately columnar single crystal 
10 ingot 1 , a single crystal which does not contain the I- 
region can be obtained. 

[0067] If the silicon single crystal produced by the 
production method and the apparatus explained above 
is grown under appropriate conditions of the HMCZ 

15 method of the present invention, there can be obtained 
a single crystal ingot which has extremely little deforma- 
tion in spite of the high growth rate, would not contain 
the l-region for entire plane when it is processed into a 
wafer, and would not cause large projections when it is 

20 processed into an epitaxial wafer. 

[0068] As for the epitaxial silicon wafer of the 
present invention, an epitaxial silicon wafer without sur- 
face distortion observed as projections or projection- 1 ike 
particles on the surface can be obtained by producing a 

25 mirror surface wafer from a wafer sliced from a single 
crystal ingot not containing the l-region for an entire 
plane along the radial direction. whk:h is produced by. 
for example, the production method and the apparatus 
described above, and depositing an epitaxial film on the 

30 wafer as a substrate by a conventional CVD technique. 
[0069] The silicon epitaxial growth by the CVD tech- 
nique is performed by, for example, introducing raw 
material gas containing silicon in a reaction furnace 
togetherwrth carrier gas (usually H2), and allowing dep- 

35 osition of Si produced by pyrolysis or reduction on a sil- 
icon substrate heated to an elevated temperature of 
lOOO'C or more. As the raw material gas, four kinds of 
compounds. SiCU, SiHCIs, SiH2Cl2 and SiH4, are usu- 
ally used. As for the reaction temperature, in case of 

40 SiCl4, it should be as high as 11 50-1 200"='C for hydrogen 
reduction by H2. As the ratio of chlorine in the com- 
pounds decreases, it may be lowered, and in case of 
SiH4. the growth is attained at 1 000-1 1 0O^C by pyrolysis 
reaction. 

45 [0070] As the epitaxial growth apparatus, a horizon- 
tal type furnace, vertical (disc) furnace, barrel type fur- 
nace, single wafer processing furnace and so forth are 
used. However, the mainstream is shifted from the 
batch type processing, in which multiple wafers are 

50 simultaneously treated, to the single wafer processing, 
in which wafers are processed one by one, with use of 
silicon substrates of a larger diameter, in order to 
improve productivity and uniformity of film thickness and 
resistivity. 

55 [0071] The present invention will be explained with 
reference to the following specific embodiments. How- 
ever, the present invention is not limited to these. 
|0072] The following test was performed first in 
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order to confirm what kind of conditions could prevent (Example 1) 
the generation of projections or projection-like particles 
when an epitaxial layer was grown on a silicon wafer of 
a targe diameter. 

(Test1) 

[0073] A single crystal ingot having a diameter of 8 
inches was pulled under a growth condition F/G of 
0.155 mm^/*'C-min at a distance of 20 mm from the 
outermost periphery so that it should have a resistivity 
in the range of 8-12 n ♦ cm, and a wafer having the I- 
region for its substantially entire surface was prepared 
from the ingot (henceforth referred to as W-1). Another 
single crystal ingot was similarly pulled under a growth 
condition F/G of 0.239 mm^/^C • min at a distance of 20 
mm from the outermost periphery, and a wafer not hav- 
ing the l-region for its substantially entire surface was 
prepared from the ingot (henceforth referred to as W-2). 
[0074] For calculation of G, for example, a global 
heat transfer analysis software, called FEMAG (F. 
Dupret, P. Nicodeme, Y. Ryckmans, R Wouters and M.J. 
Crochet, Int. J. Heat Mass Transfer, 33, 1849 (1990)), 
was used to calculate the distance between the points 
of the melting point of silicon, 1 41 2'C, and 1 400'C, and 
a value obtained by dividing 1 2«C (1 41 2°C - 1 400''C) by 
the distance was used as G (°C/mm). 
[0075] When these wafers were observed by using 
a particle counter of high sensitivity, scattering of very 
small particles vras detected in a peripheral portron. 
which corresponded to the l-region of W-1 [see Fig. 
4(a)]. When these were investigated by AFM, they were 
found to be projections [see Fig. 5]. When an epitaxial 
layer having a thickness of 2 |im was deposited on it, 
particles were observed at the same location as the 
location where the scattering of very small particles was 
observed [see Fig. 4(b)]. These were also found to be 
projections by using AFM (see Fig. 6). They had a size 
as large as 100 nm to 1000 nm. and height as large as 
5 nm to 20 nm. 

[0076] Onthe other hand, in W-2, although particles 
were observed at a high density for the entire surface of 
the wafer, substantially no projection-like particles were 
observed (see Fig. 7(a)]. When an epitaxial layer was 
deposited on it, substantially no particles were 45 
observed [see Fig. 7(b)]. No projection was confirmed 
even if it was observed by AFM. 

[0077] From the results of these tests, it was found 
that, if a silicon wafer which did not contain the l-region 
for the entire surface is used as a substrate for an epi- 50 
taxial wafer, projections or projection-like particles were 
not generated on the wafer surface even after an epitax- 
ial layer was grown on the wafer surface. Based on this 
result, production conditions for obtaining appropriate 
quality for wafers of a further larger diameter were 55 
established. 
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[0078] A single crystal having a diameter of 12 
inches and a resistivity of about 10 n - cm was grown 
from a crucible having a diameter of 28 inches at a crys- 
tal rotation of 7.0 rpm by the HMCZ method where a 
horizontal magnetic field of a center magnetic field 
strength of 4000 Gauss was applied. The hot zone used 
in this case provided G of 3.55 "C/mm at a distance of 
20 mm from the outermost periphery of the crystal. The 
crystal could be grown at a growth rate of 0,99 mm/min. 
The F/G was 0.279 mm^/^C • min at a distance of 20 
mm from the outermost periphery of the crystal. 
[0079] A wafer-like sample was sliced from this sin- 
gle crystal ingot, and oxygen concentration was meas- 
ured at its center and peripheral location (location at 10 
mm from the edge along the direction toward inner por- 
tion). Oxygen concentration distribution in a plane was 
determined as (|Center concentration - Peripheral con- 
centrationj/Center concentration) x 100 (%). As a resuH, 
the oxygen concentration distribution in a plane was 5% 
or less. No OSF ring was observed in the wafer-like 
sample sliced from this crystal, and thus a crystal that 
did not contain the l-region could be obtained. 
[0080] An epitaxial layer having a thickness of 2 \xm 
was grown on the silicon wafer obtained as described 
above under SiHCIs + H2 gas atmosphere at 1200*C. 
When its surface was investigated with a particle coun- 
ter, no projection or projection-like particle was 
observed on the epi-layer of the epi-wafer. 

(Comparative Example 1) 

[0081] A single crystal having a diameter of 12 
inches and a resistivity of about 1 0 n • cm was grown 
from a crucible having a diameter of 28 inches in the 
same manner as in Example 1 , except that it was grown 
by the usual CZ method which did not use a magnetic 
field. 

[0082] In this case, the upper limit of grov^rth rate 
was about 0.61 mm/min, and F/G was 0.172 
mm^/^C-min at a distance of 20 mm from the outer- 
most periphery of the crystal. 

[0083] As for a wafer-iike sample sliced from this 
crystal .the tocation of OSF (oxidation-induced stacking 
fault) ring existing inside the l-region was investigated, 
and it was found at a location of about 30 mm from the 
outermost periphery. Therefore, it was confirmed that a 
peripheral portion of the wafer consisted of the l-region. 
Further, the oxygen concentration distribution in a plane 
was determined and found to be about 12%. When an 
epi-layer was deposited on this wafer, large projections 
were observed in the peripheral portion. 
[0084] Since the emergence of the OSF ring also 
depends on the oxygen concentration in the crystal, 
erroneous determination may occur in such evaluation 
as described above. Therefore, the oxygen concentra- 
tion of the crystal used for this evaluation was controlled 
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to be 13 ppma or more (JEIDA), and a heat trealment 
was performed at 1 0OCC for 3 hours and at 1 1 50*'C for 
100 minutes. Further, H an OSF ring was not detected 
after a single heat treatment, a heat treatment at 
1150**C for 100 minutes was additbnally performed 
before evaluation. When any OSF ring was not 
observed after two times of heat treatment, it was deter- 
mined that the OSF ring was not detected. 

(Example 2) 

[0085] Two kinds of P-type low resistivity crystals 
having a diameter of 8 inches and a resistivity of 0.03 n 
« cm or less were prepared with different resistivities. 
These crystals were evaluated for the OSF ring in the 
same manner as in Comparative Example 1 to deter- 
mine the relationship between the location of OSF ring 
and the growth condition F/G. As a result, it was found 
that, in order to prevent the l-region that is present out- 
side the OSF ring from entering Into the crystal, F/G 
should satisfy the condition represented by the following 
equation, in which F/G is defined as a function of resis- 
tivity p [n • cm) (see Fig. 2). 

F/G >720'p^-37^p +0.65 

[0086] In the equation, p is resistivity of single crys- 
tal (n • cm), F is the single crystal growth rate 
[mm/min), and G is the temperature gradient |*C/mm] 
along the crystal growth axis direction in the vicinity of 
the single crystal growing interface. Based on the 
above, a crystal not containing the l-region was pre- 
pared as follows as an experiment. 
[0087] A crystal having a diameter of 8 inches and 
a resistivity of 0.01 5 • cm was grown at a growth rate 
of 1 .4 mm/min by using a hot zone that provided G of 
3.74 *'C/mm at a distance of 20 mm from the outermost 
periphery of the crystal. The oxygen concentration dis- 
tribution in a plane obtained by the gas fusion method 
was 10% or less. At a resistivity of 0.015 n • cm, the 
necessary F/G is determined to be 0.257 mm^/^C* min 
according to the above equation, and the F/G of the 
crystal grown in this experiment was 0.374 
mm^/^C-min at a distance of 20 mm from the outer- 
most periphery. No OSF ring was detected in a wafer- 
like sample sliced from this crystal. Therefore, it was 
confirmed that the entire wafer surface consisted of the 
V-reglon. 

(Example 3) 

[0088] A crystal having a diameter of 8 inches and 
a resistivity of 0.008 n * cm was grown at a growth rate 
of 1.78 mm/min by using a hot zone that provided G of 
4.33 "C/mm at a distance of 20 mm from the outermost 
periphery of the crystal. The oxygen concentration dis- 
tribution in a plane obtained by the gas fusion method 
was 1 0% or less. At a resistivity of 0.008 n ♦ cm, the 



necessary F/G is determined to be 0.40 mm^/*C- min 
.according to the above equation. The F/G of the crystal 
grown in this experiment was 0.41 mm^/'C*min at a 
distance of 20 mm from the outermost periphery. No 

5 OSF ring was detected in a wafer-like sample sliced 
from this crystal. Therefore, it was confirmed that the 
entire wafer surface consisted of the V-region. 
[0089] As described above, It was confirmed that, if 
an F/G exceeding the value calculated according to the 

10 above equation was used, there was obtained a crystal 
that did not contain the l-region. 

[0090] When an epitaxial layer having a thickness 
of 2 ^m was grown on these two kinds of wafers in the 
same manner as described above, no projection or pro- 
15 jection-like particle was not observed on the e pi-layers 
of the epi-wafers. 

(Comparative Example 2) 

20 [0091] A crystal having a diameter of 8 inches and 
a resistivity of 0.014 fl • cm was grown at a growth rate 
of 1 .0 mm/min by using the same hot zone as in Exam- 
ple 2, which provided G of 3.74 ='C/mm at a distance of 
20 mm from the outermost periphery of the crystal. At a 

25 resistivity of 0.014 n • cm, the necessary F/G is calcu- 
lated to be 0.273 mm^/^C • min according to the above 
equation. But the F/G of the crystal grown in this exper- 
iment was 0.267 mm^/^'C • min at a distance of 20 mm 
from the outermost periphery, and thus it was below the 

30 calculated value. As for a wafer-like sample sliced from 
this crystal, an OSF ring was detected at a tocation of 
25 mm from the outermost periphery. Therefore, it was 
confirmed that the peripheral portion contained the I- 
region. 

35 [0092] The above Comparative Example 2 shows 
one of . the experiments sequentially performed for 
obtaining a relational expression of F/G- p. The reliabil- 
ity of the relational expression was improved by repeat- 
ing simileu* experiments with different conditions, and it 

40 could be verified by Example 2 and Example 3. 

[0093] The present invention is not limited to the 
embodiments described above. The above-described 
embodiments are mere examples, and those having the 
substantially same structure as that described in the 

45 appended claims and providing the similar functions 
and advantages are included in the scope of the present 
invention. 

[0094] For example, the aforementioned embodi- 
ments were explained for cases where silicon single 
50 crystals having a diameter of 8 inches or 1 2 inches we re 
grown. However, the present invention is not limited to 
them, and can also be applied to silicon single crystals 
having a diameter of, for example, 1 6 inches or larger. 

55 Claims 

• 1. An epitaxial silicon wafer, which has no projections 
having a size of 1 00 nm or more and a height of 5 
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nm or more on an epitaxial layer. 



A method for producing an epitaxial silicon wafer, 
wherein a silicon wafer which has no projections 
having a size of 100 nm or more and a height oi 5 
nm or more is used as a silicon wafer tor an epitax- 
ial substrate. 

A method for producing an epitaxial silicon wafer, 
wherein a single crystal containing no l-region (I- 
region means a region where self interstitial atoms 
are dominant compared with voids) is used as a sil- 
icon wafer for an epitaxial substrate. 

A method for producing an epitaxial silicon wafer, 
wherein a silicon single crystal ingot containing no 
l-region is grown when a silicon single crystal is 
grown by the Czochralski method, and an epitaxial 
layer is deposited on a silicon wafer sliced from the 
single crystal ingot and containing no l-region for 
the entire plane. 



The method for producing an epitaxial silicon wafer 
according to Claim 4. wherein a magnetic field is 
applied when the silicon single crystal is grown by 25 
the Czochralski method. 



according to any one o1 Claims 6-8, wherein an 
internal structure of a furnace that can produce a 
portion having a temperature gradient G of 3.0 
°C/mm or more in at least a part of distribution of 
5 the temperature gradient G along the radial direc- 

tion is used. 

10. The method for producing an epKaxial silicon wafer 
according to any one of Claims 4-9, wherein crystal 

10 rotation is controlled to be 10rpm or less during the 
grov^h of single crystal. 

11. The method for producing an epitaxial silicon wafer 
' according to any one of Claims 4-10, wherein a 

15 large diameter single crystal ingot having a diame- 
ter of 250 mm (10 inches), or more is produced in 
the production of single crystal. 

12- An epHaxial silicon wafer, which is produced by the 
20 production method according to any one of Claims 
2-11. 

13. An epitaxial silicon wafer, which is produced by the 
production method according to any one of Claims 
2-1 1 and has an oxygen concentration distribution 
in a plane of 1 0% or less. 



The method for producing an epitaxial silicon wafer 
according to Claim 4 or 5. wherein a single crystal 
ingot having a resistivity of 0.03 n • cm or more 
and providing V-region (V-region means a region 
where voids are dominant compared with seH inter- 
stitial atoms) for an entire plane in the crystal along 
the radial direction is grown by using a growth con- 
dition F/G lmm2/=C-min] (F is a single crystal 
growth rate [mm/min] and G is atemperature gradi- 
ent pC/mm] along the crystal growth axis direction 
in the vicinity of the single crystal growing interface) 
of 0.1 8 mmVc • min or more. 
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^ The method for producing an epitaxial silicon wafer 
according to Claim 4 or 5, wherein a P-type single 
crystal ingot having a low resistivity of 0.03 n • cm 
or less and having the V-region for an entire jaiane 
is grown by using a growth condition F/G of silicon 
single crystal for satisfying the following equation: 

F/G > 720 • - 37 • p + 0-65 

wherein p is resistivity of single crystal [n • cm]. 

8. The method for producing an epitaxial silicon wafer 
according to any one of Claims 5-7, wherein the 
applied magnetic field is a horizontal magnetic field 
with a center magnetic field strength of 500 to 6000 
Gauss. 

9. The method for producing an ephaxial silicon wafer 
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